One of the biggest advantages of wind energy is that, overall, it has relativity few negative impacts. Nevertheless, most professionals in the wind industry would like to further reduce the impact of energy generation on plants, animals, and their habitats. This is why the industry is highly motivated to find out why migrating bats have unexpectedly high fatality rates near operating wind farms [1], [2].
Trauma from Collision:
The most obvious cause of bat deaths around wind turbines is collision with the turbine tower, nacelle, and blades, and indeed many dead bats found around turbines exhibit injuries consistent with impact trauma [4]- [7] . Some experts have hypothesized that bats have difficulty detecting the fast-moving blades [8] , which possibly explains the unexpectedly high fatality rate around operating turbines. A recent study supports this conclusion, by documenting bat collisions with moving turbine blades [9] .
Barotrauma: Barotrauma describes injuries that occur when a bat (or other animal) encounters sudden and extreme changes in atmospheric pressure. The rapid pressure fluctuations can rupture air-containing structures in the bodies of mammals which causes internal bleeding and, potentially, death. In 2004, Durr et al. [6] hypothesized that the low-pressure regions that form over the convex surfaces of rotating turbine blades and within vortices that are shed from the blade tips (shown in Figure 2 ) might cause pressure fluctuations of sufficient magnitude to injure bats that fly too close to operating turbines.
A study by Baerwald et al. [4] was the first to find evidence for barotrauma as a cause of bat death. Baerwald and her coauthors studied dead bats found near operating turbines and found that more than 50% of such bats had internal hemorrhaging characteristic of barotrauma, without any external signs of impact trauma. The researchers concluded that barotrauma is responsible for a significant number of bat deaths. Even though a later study by Grodsky et al. [10] provided less conclusive results, the findings of Baerwald et al.
[4] received widespread publicity and it has become an accepted fact in many quarters that barotrauma causes a significant percentage of wind turbine-related bat deaths.
Recent Research Calls into Question the Barotrauma Hypothesis
New research has provided quantitative data that indicates barotrauma is not a major cause of bat deaths around operating turbines. Rollins et al. [11] used forensic techniques, including autopsy and radiology, and found that while the barotrauma hypothesis could not be dismissed outright, 94% of bat deaths were directly attributable to impact trauma, and only 6% could Printed with a renewable-source ink on paper containing at least 50% wastepaper, including 10% post consumer waste.
be explained by barotrauma. Moreover, Rollins et al. [11] found that the methods in previous studies used to diagnose barotrauma could result in the misdiagnosis of barotrauma-due to the degradation of tissue before it was analyzed and because radiology was not used to check for internal signs of impact trauma. In addition, NREL researchers Houck et al. [12] used computational fluid dynamics simulations to study the range of pressure variations that bats experience when flying in the vicinity of an operating utility-scale wind turbine. The results of Houck et al. [12] (see Figure 3) suggest that the pressure changes near an operating turbine are at least an order of magnitude below the threshold where fatality is expected.
Conclusions
Impact trauma from direct collision and barotrauma are the two leading theories to explain the unexpectedly high fatality rates of migratory bats around operating wind turbines. While preliminary research [4], [10] suggested that barotrauma was responsible for a significant fraction of turbine-related deaths, more recent research that used advanced forensic pathology [11] and computational fluid dynamics simulations [12] indicate that impact trauma is responsible for the vast majority of turbinerelated bat deaths and that barotrauma is likely a minor etiology.
The Need for Follow-On Research
Further research is needed before scientists can conclusively discount barotrauma as a significant cause of turbine-related deaths. Specifically, follow-on research that quantifies the magnitude of survivable pressure fluctuations would help confirm or deny the conclusions of Houck et al. [12] . It also remains unclear if repeated exposure to nonfatal barotrauma might cause injury and delayed fatality that cannot be detected by gathering dead bats from around wind facilities. Studying the delayed effects of barotrauma will, however, pose a significant challenge to researchers because tracking bats and diagnosing barotrauma after they fly away from wind farms will be difficult, although new research technologies [13] are making this task more achievable.
[ Lagrangian particles with the properties of a bat (described above) were injected in the flow to track the pressure along the particle tracks in three scenarios: (1) flying in the rotor plane, (2) through (perpendicular to) the rotor plane, (3) and through the tip vortex. These properties were again varied, along with the direction of the lift force now that the bat could be oriented in three dimensions, in order to observe their effects on the particles' trajectories. They were again found to have a negligible effect on the trajectories. Figure 6 shows the particle tracks in the three scenarios and the pressure seen along those tracks. The tracks are again from the blade's perspective and so appear to have a rotational motion. The bottom picture also shows an isosurface of vorticity in order to show the tip vortex. Figure 7 shows plots of pressure experienced along representative particle tracks for the scenarios previously described. The range of pressure changes experienced without impact in each scenario is 389 Figure 3 . Possible bat flight paths around a utility scale turbine blade operating at a wind speed of 5 m/s. The colors of the flight paths indicate the pressure fluctuations that will be experienced by the bat. As described in the text, these pressure changes are much lower than the threshold where fatality is expected.
